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Abstract
A new Mg–Al–Sn–RE alloy with high ductility at room temperature has been developed. Homogenized Mg–4Al–2Sn–0.5Y–0.4Nd plates
25 mm in thickness were hot-rolled to 1 mm at 673K. The microstructures were characterized as fully recrystallized grains with a lot of fragmented
fine particles along the rolling direction. The sheet specimen possesses basal texture of (0002) with the basal pole tilting by about 15° from the
normal direction toward the rolling direction. Meanwhile, the texture strength was weakened, which is resulted from the non-basal <c + a > slip
and recrystallization texture. For the as-rolled alloy, the yield strength and tensile strength in transverse direction are both higher than those of
rolling direction. The average Lankford value is 1.83, which is lower than conventional AZ31 rolled magnesium alloy sheets. The relatively high
elongation and low planar anisotropy implies good formability at room temperature.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
The strong demand for weight reduction in transportation
vehicles to improve fuel efficiency makes magnesium alloys as a
good potential for many structural components of automotives
[1–3]. However, the yield strength of the widely used Mg–Al–Zn
series alloys is barely equal to half of that of medium strength
aluminum alloys [4]. Therefore, it is imperative to develop higher
strength wrought alloys to extend the application of magnesium
alloys. In spite of that, poor plasticity and formability of as-cast
magnesium alloys restrict the production of the magnesium
alloys sheet.
Improvement in the ductility of magnesium alloys can be
obtained by different techniques, including thermomechanical
processing [5], rapid solidification process [6] and chemical
alloying [7]. In these studies, the trend of increasing ductility
with decreasing grain size has been shown to prevail. Chemical
alloying has also been extensively used to improve the proper-
ties of Mg alloys. Amongst the alloying elements used, rare
earth (RE) elements have shown promisingly positive effects on
the properties of Mg alloys [8]. It was reported that [9] alloying
with Ce, La and Nd resulted in grain refinement of α-Mg,
leading to an increase in ductility and strength. In addition, RE
elements can also weaken the anisotropy to improve the ductil-
ity of Mg alloys eventually [10]. Therefore, the effect of both
grain refinement and weakening the anisotropy of RE elements
leads to an improvement in the ductility of Mg alloys.
Against increasing the ductility of as cast Mg alloys to easily
fabricate production of the magnesium alloys sheet, commer-
cial magnesium alloys sheets usually show strong basal texture
to deteriorate the ductility at room temperature and impair their
secondary deformation capacity [11]. Whereas, Al-Samman
and Li [12] concluded that RE additions also could solve the
above-mentioned problem. Yan et al. [13] indicated that little
amount of Gd addition could eliminate basal texture of rolled
alloy sheet and significantly improve the uniform elongation by
15%. The higher ductility in Mg alloy sheets at room tempera-
ture was improved because the majority of grains in the random
or weak texture have an orientation favorable for dislocation
glide on the basal plane [14]. With a small Y addition, the
elongation of the magnesium alloy is improved up to 25% and
the alloy could be rolled at room temperature [15]. In addition,
* Corresponding author. China Academy of Engineering Physics, Mian yang
621900, China.
E-mail address: wangzhenhong@caep.cn (Z. Wang).
http://dx.doi.org/10.1016/j.jma.2016.07.004
2213-9567/© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Available online at www.sciencedirect.com
Journal of Magnesium and Alloys 4 (2016) 207–213
www.elsevier.com/journals/journal-of-magnesium-and-alloys/2213-9567
H O S T E D  BY
ScienceDirect
Ball et al. [16] suggested that additions of Y and rare earth
elements such as Nd can weaken texture during hot extrusion.
As well known, the formability of Mg alloy sheets is related to
the strain-hardening rate and the Lankford value (r-value).
Lankford value reveals whether the sheet material can resist
thinning during in-plane tensile deformation. If r-value equals 1
the alloy has random texture and exhibits weak anisotropy that
results in more uniform deformation. However, higher r-value
promotes the deep drawability due to restricting the deforma-
tion capability in thickness direction to avoid fracture [17].
Hereby Mg alloy sheets with a moderate r-value exhibit better
formability.
To specifically confirm the effects of RE elements on the
deformation behavior of the magnesium alloys, our previous
work [18] has developed Mg–4Al–2Sn–0.5Y–0.4Nd alloy and
indicated that it has outstanding ductility with the elongation up
to 23.2% at room temperature. This paper aims to investigate
the deformation behavior of a hot rolled Mg–4Al–2Sn–0.5Y–
0.4Nd alloy by examining the relationship between the micro-
structure characteristic and the mechanical response.
2. Materials and methods
The Mg–4Al–2Sn–0.5Y–0.4Nd alloy was prepared in an
electric resistance furnace under the atmosphere of CO2 and
SF6 gas mixture. The volume fraction of SF6 in the mixture is
0.2 vol. %. Y and Nd were added in the form of Mg-20.44 wt.
% Y and Mg-21.26 wt. % Nd master alloys, respectively.
After stabilization at 1033 K for about 30 min, the melt was
immediately poured into the steel mold with dimension of
Φ100 × 200 mm preheated to 523 K. The ingot was cut into
several slabs with 27 mm thickness by wire cutting, and then
the slabs were grinded down to 25 mm. The slabs were homog-
enized at 673K for 10 h followed by water quenching. The
rolling experiments were carried out at 673K with cold rollers,
and the sample was reheated at the fourth pass. The plates with
an original thickness of 25 mm were reduced down to 1 mm,
which corresponds to compressive deformation ratio of 96%.
Nine passes were conducted for the rolling reduction; each
referring to a true strain is 0.3. The rolling scheme was listed in
Table 1.
To observe the microstructure, the specimens were polished
and etched in picric solution (20 ml acetic acid + 50 ml
alcohol + 20 ml distilled water + 3g picric acid). Grain sizes
were evaluated by line intercept method in the macrostructure
using SISC-IAS image software. The microstructures were
characterized using an MEF-4 optical microscope, and JSM-
6460 scanning electron microscope equipped with an X-ray
energy-dispersive spectrometer. Phase identification was con-
ducted by PW170 X-ray diffraction. The fracture surface of the
tensile specimen was characterized by SEM. The uniaxial
tension tests were conducted by SANS-CMT5205 universal
tensile testing machine at room temperature according to ISO
6892:1998. The tensile tests kept a constant strain rate of
0.15 × 10−3s−1. Tensile specimens with the gauge length of
15 mm and gauge width of 4 mm were cut at the angles of 0°
(RD), 45° and 90° (TD) between the tensile direction and the
rolling direction of the sheets, respectively. Extensometer was
used to measure changes in length during the tests.
The (0002) and (10 11 ) pole figures were measured for the
sample tilt of 90° in a D8 DISCOVER X-ray diffractometer
using Cu Kα radiation and equipped with four-circle goniom-
eter. Experimental defocusing correction and calculation of the
complete orientation distribution allows recalculation and pre-
sentation of complete pole figures.
3. Results and discussions
3.1. Microstructure
Optical micrographs of the homogenized alloy and rolled
alloy sheet are shown in Fig. 1. The microstructure of the
as-cast Mg-4Al-2Sn-0.5Y-0.4Nd alloy consists of α-Mg,
eutectic α-Mg + Mg17Al12, divorced eutectic Mg17Al12, Mg2Sn,
Al2Nd and Al2Y phases [18]. After homogenization treatment
(Fig. 1a), micro-segregation was eliminated, and some second-
ary phases dissolved into matrix and black plate-like secondary
Table 1
The rolling route of Mg–4Al–2Sn–0.5Nd–0.4Y alloy.
0 pass 3rd pass 4th pass 7th pass 9th pass
Thickness/mm 25.5 9.6 6.4 2.0 1.0
Temperature/K 673 553 673* 533 493
* Reheating has been carried out in this pass.
Fig. 1. Optical micrographs of Mg–4Al–2Sn–0.5Y–0.4Nd alloy: (a) homog-
enized alloy, (b) as-rolled alloy.
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phases retained in grain boundaries without decomposing. Fine
microstructure is obtained in the sheet sample (Fig. 1b). This
indicates that dynamic recrystallization took place during hot
rolling. In addition, the plate-like secondary phases were frag-
mented into small particles and distributed along RD. Fig. 2
represents XRD pattern of the homogenized and rolled sheet
samples. According to statistic results, the grain size decreases
from 114 μm in homogenized alloy to 8.80 μm in rolled alloy
sheet. Moreover, the grains of rolled alloy sheet are uniform,
which was verified by the statistic results of the grains sizes.
Fig. 3 shows the proportions of grains with different size in
sheet samples. It can be seen that the fraction of grains ranging
from 5 to 10 μm exceeds 50% (Fig. 3b). BSE image of the
rolled alloy sheet, shown in Fig. 4a, reveals that the coarse
secondary phases in homogenized alloy have been broken up
after rolling. The fragmented secondary phases exhibit plate-
like shape (Fig. 4b), and contain Al and Y elements. According
to the ratio of atoms (Fig. 4c), the plate-like phase should be
Al2Y phase.
In addition to conventional dynamic recrystallization (DRX)
to produce new grains, i.e., nucleation by bulging and subgrain
rotation, previous work [19–21] indicated that the dynamic
recrystallization behavior of magnesium alloys is also associ-
ated with twinning and secondary phases. During rolling
process twinning plays an important role in the coordination of
deformation. Fig. 5a shows several parallel twins with narrow
banded morphology. In general, twins with narrow banded mor-
phology are recognized as compression twin [22]. It can be seen
that the dislocation density is extremely high and dislocation
tangle is severe in inner of twins. To release stress introduced by
severe dislocation tangle and decrease dislocations density sec-
ondary twins (marked by arrow in Fig. 5a) form in the inner of
Fig. 2. XRD pattern of homogenized and as-rolled alloys.
Fig. 3. Proportions of grains with different size in as-rolled sheets specimen.
Fig. 4. SEM image of as-rolled sheet specimen: (a) BSE image, (b) SE image
of secondary phase, (c) analysis result with EDS.
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the original twins. Subgrains divide twins and secondary twins
into small region, in which recrystallized grains usually nucle-
ate due to high storage energy. This type of recrystallization
mechanism considered as twinning dynamic recrystallization
(TDRX). In addition, secondary phases may be partially
responsible for dynamic recrystallization. During rolling the
coarse Al2RE phases is progressively fragmented owing to the
large stress concentration. Meanwhile, a mismatch in the defor-
mations of Mg matrix and Al2RE particles enhances the dislo-
cation density around the particles, as shown in Fig. 5b. This
can introduce a locally higher driving force for nucleation and
growth for the recrystallized grains, i.e. particle stimulated
nucleation (PSN) of recrystallization. On the other hand, with
the increase of the rolling passes, the continuous decrease of
particle size can induce a pinning force in the migration of
recrystallized grain boundaries. This twofold effect of the par-
ticles brings a limited growth of the recrystallized grains.
3.2. Texture
Fig. 6 shows recalculated (0002) and (1011) pole figures of
the rolled alloy sheet. According to pyramidal (1011) pole
figure, shown in Fig. 6b, the (1011) planes are nearly homoge-
neously distributed. Fig. 6a exhibits a basal texture with basal
poles tilting about 15° from the ND toward RD. Meanwhile the
peak intensity of Mg–4Al–2Sn–0.5Y–0.4Nd alloy sheet is 6.63,
which is less than that of widely used commercial AZ31 alloy
sheets, i.e. about 8–13 [23]. In addition, the orientation distri-
bution of the alloy is wider in RD, which is usually observed in
hot-rolled AZ31.
Normally, the commercial rolled AZ31 alloy sheets exhibit a
sharp and strong basal texture. It is well known that both basal
slip and twinning of the type {1012} reorient the basal planes
perpendicular to the compression axis at room temperature and
below [11,24]. This is the main reason why basal texture is
common for cold-rolled magnesium alloys. At high temperature
the CRSS of non-basal slips decreases, especially pyramid
<c + a > slip, which tends to split the basal intensity toward RD
and weaken the texture. Similarly, RE can promote the pyrami-
dal <c + a > slip by reducing the c/a ratio of Mg alloys. Yan
et al. [13] suggested that RE-containing magnesium alloy
sheets obtaining more random texture mainly ascribed to the
contribution from the non-basal <c + a > slip and recrystalliza-
tion texture induced by PSN as mentioned above, especially the
latter. Fig. 7 shows TEM bright field images of rolled Mg–4Al–
2Sn–0.5Y–0.4Nd alloy sheet. It can be seen that a great amount
of tangled wavy slip lines accumulated in front of secondary
phase particle. According to TEM Burgers vector analysis
allowed us to identify the observed slip lines as non-basal
Fig. 5. TEM bright field images of twins (a) and secondary phase particles (b)
in the rolled alloy sheet.
Fig. 6. (0002) and (1011) Pole figures of the as-rolled specimens.
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<c + a > slip, which indicates that Nd and Y elements indeed
promote non-basal slip. However, Hou et al. [14] concluded that
the recrystallization texture plays more important role in weak-
ening the final texture due to this non-basal slip weakening
behavior is only effective before the initiation of recrystalliza-
tion. From Fig. 7 the particles extremely retard dislocations
gliding, which produces a further source of dislocation accu-
mulation. The high density of dislocations in the regions of
interfaces between particle and matrix not only enhances the
driving force for recrystallization but also inspires the occur-
rence of sub-grain. The new grains stimulated by secondary
phase particles without orientation can effectively weaken the
final texture.
3.3. Anisotropy
It was known that the secondary formability of sheets at
room temperature is affected by Lankford value, i.e. r-value.
Therefore, it is necessary to calculate the r-value of rolled
Mg–4Al–2Sn–0.5Y–0.4Nd alloy sheet. The values of r were
calculated in each sample orientation as
r b
a
=
ε
ε
(1)
where ε is the true plastic strain along sample width and
thickness. Generally speaking, the average r-value is more
meaning to characterize anisotropy of the alloys. The average
r-value ( ravg) is written as:
r r r ravg RD TD= + +( )
1
4
2 45 (2)
The rolled alloy sheet shows a moderate ravg of about 1.83.
By contrast, Rolled AZ31 sheets often exhibit a high ravg and
the r-value along different directions varied greatly at room
temperature, which would restrict the stretching capability [25].
In order to simply estimate the magnitude of the variation in
r-value as a function of the orientation within the plane of the
sheet Δr2 was denote as secondary anisotropy.
Δr r r2 = −max min (3)
The results are shown in Table 2. It can be seen that the
r-values along different direction vary slightly. It was said that
the earring behavior of metal sheets during deep drawing is
strongly related to the planar anisotropy (Δr). Low Δr results in
fewer earrings. The planar anisotropy (Δr) is written as:
Δr r r rRD TD= + −( )
1
2
45 (4)
The Δr for the rolled Mg–4Al–2Sn–0.5Y–0.4Nd sheet is as
low as 0.43, which indicates less earring possibility. Therefore,
the Mg–4Al–2Sn–0.5Y–0.4Nd sheet has relatively good form-
ability and deep drawability due to the moderate r-values and
the low planar anisotropy.
Rolled AZ31 alloy sheets exhibits an r-value as high as 3.
According to Eq. (1), a high r-value is ascribed to a small
thickness-direction strain and/or a large width-direction strain.
Due to the extremely low Schmid factor in the plate with strong
basal texture basal slip is difficult to run. Thus the deformation
in the thickness direction barely depend on {1012} twinning or
non-basal slips. It is well known that twinning just coordinate
deformation and the non-basal slips is hard to activate because
of its high CRSS at room temperature. Consequently, small
thickness-direction strain results in the high r-value observed in
rolled AZ31 sheets [26]. In contrast, the rolled Mg-4Al-2Sn-
0.5Y-0.4Nd alloy sheet has relatively random texture; more
grains have an orientation favorable for basal slip, which pro-
duces a thickness-direction strain and a length-direction strain.
Meanwhile, moderate r-values can effectively resist thinning
during secondary deformation, which reduces the risk of
fracture.
3.4. Tensile properties
The tensile properties are summarized in Table 3. It shows
mechanical anisotropy that the yield strengths, specimen along
RD, possess higher elongation and lower strength than that of
along TD, which is consistent with that of rolled AZ31 sheet.
Compared to RD and TD, specimen along 45° displays moder-
ate strength and the lowest ductility. These results may be attrib-
uted to crystallographic texture and microstructure. As shown
in Fig. 6a, the grains tend to have their basal planes inclined to
RD, which result in the grains being oriented favorably for the
basal slip during RD tension. While for the TD tension, the
grains are in hard orientations for basal slip and the (1012)
twinning. Thus non-basal slip systems possessing higher
critical resolved shear stress (CRSS) must accommodate [26].
The higher activity of other accommodation slip systems is
Fig. 7. TEM bright field image of secondary phase particles in the rolled alloy
sheet.
Table 2
Planar and in-plane anisotropy of as-rolled magnesium sheet.
rRD r45 rTD ravg Δr Δr2
As-rolled 2.52 1.62 1.57 1.83 0.43 0.95
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responsible for the higher yield strength and lower elongation of
the TD specimens. In addition, the higher strength may be also
associated with the secondary phase particles imbedded in the
matrix. As abovementioned the fragmented particles distribute
along RD, which results in a denser particle number density on
the cross-sectional plane of TD specimen. Consequently, the
effect of secondary phase strengthening to specimen along TD
is more effective than that of along RD.
During tensile test if the increase in stress induced by the
decrease of the cross-section area exceeds the increase of the
load-carrying ability of the alloy caused by strain hardening
necking or localized deformation will begin. According to
Considere’s criterion, when strain-hardening rate (dσ/dε)
equals to true stress (σ) the necking or instability occurs, that is:
σ
σ
ε
=
d
d
(5)
Fig. 8 shows the strain-hardening rate (dσ/dε) vs. true strain
and true stress vs. true strain curves of the sheets in different
directions. It can be seen that the strain-hardening curve of
TD specimen exhibits a remarkable linear shape, which indi-
cates a higher hardening decrease. Compared to TD specimen,
strain-hardening curves of RD and 45° specimens exhibit
almost a hyperbolic shape, which corresponds to lower harden-
ing decrease. The point of intersection of the strain-hardening
curve and true stress–strain curve corresponds to the onset of
flow instability. Therefore, lower hardening decrease can delay
the onset of flow instability to increase uniform elongation. It
is interesting to note that all strain-hardening curves display
a small plateau, which indicates that hardening decrease
decreases first and then increases. The lower hardening
decrease may be ascribed to non-basal slips that possess higher
CRSS compared to basal slip. The non-basal gliding results in
the grains being oriented favorably for the basal slip again,
which leads to higher hardening decrease. Meanwhile, it
should note that the sheet specimen fracture immediately with
the beginning of flow instability. The sample along RD repre-
sents a relatively lower hardening decrease, and high strain
hardening can effectively distribute plastic deformation and
delay the necking [27], which means the distinct work harden-
ing response leads to higher ductility.
SEM images of tensile fracture surfaces of the rolled alloy
sheet along TD are shown in Fig. 9, which shows that the
fracture surface consists of dimples and ridges. Apparently, the
sheet specimen is characterized of ductile fracture. In tensile
test, microvoids form when a high stress cause separation of the
interfaces between the metal and secondary phases. As the local
stress increases, the microvoids grow and coalesce into larger
cavities. Therefore, secondary phases usually distribute in the
dimples, which can be seen in Fig. 8b.
Table 3
Tensile properties of as-rolled magnesium sheet.
Alloy Yield strength (MPa) Tensile strength (MPa) Elongation (%)
RD 45° TD RD 45° TD RD 45° TD
As-rolled sheet 168 179.6 198.9 257.5 257.8 265.5 17.3 16.8 17.0
Fig. 8. Strain-hardening rate and stress vs. true stress–strain curves of speci-
mens along RD, 45° and TD at room temperature.
Fig. 9. Typical tensile fracture surfaces of sheet specimen along transverse
direction.
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4. Conclusions
The microstructure, texture, anisotropy and tensile proper-
ties of rolled Mg–4Al–2Sn–0.5Y–0.4Nd alloy sheet were
investigated.
(1) The sheet has fully recrystallized microstructures
with fragmented fine particles distributed along rolling
direction. Twins and particles can stimulate dynamic
recrystallization.
(2) The basal texture of the Mg–4Al–2Sn–0.5Y–0.4Nd alloy
sheet is obtained and the basal pole is tilted by about 15°
from the normal direction toward the rolling direction.
Non-basal <c + a > slip may be linked with the slightly
weakened texture.
(3) The sheet shows moderate Lankford value and low planar
anisotropy, which provides relatively uniform formability
and good deep drawability.
(4) The sheet obtains good combination of strength and duc-
tility, and RD specimen exhibits relatively higher harden-
ing decrease, which is benefit to delay the onset of flow
instability.
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